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INTRODUCTION

A valuable source of three dimensional (3- D) information is provided by the rel-
ative motions of elements in the changing two- dimensional (2 D) image. The remark-
able ability of the human visual system to recover 3-D structure from motion was
explored in many early perceptual studies (for exampie, Wallach & O’Connell, 1953;
Gibson & Gibson, 1957; White & Mueser, 1960: Green. 1961; Braunstein, 1976; Jo-
hansson, 1973, 1978; Rogers & Graham, 1979; Ullman. 1979). These studies revec!
that the human system can recover the structure of rigid and nonrizid objects, un-
der perspective and orthographic projection, and in the absence of all other cues to
3-D structure. Early perceptual work typicaliy rocnsed on thie 1ovovery of qualitative
aspects of an object’s structure, such as its apparent rigidity, volume or coherence.
More recontly, z4udics b Adicssed quantitatively, the aecaacy ol poreaincd 3 D
structure (for example, Todd, 1982, 1984. 1985; Lappin & Fuqna, 1933; Braunstein et
al., 1987; Loomis & Eby, 1988, 1989; Dosher et al., 1. 39; Sperling et al., 1989).

This paper presents a set of psychophysical experiment. that examine both the
accuracy of the 3-D model computed by the human visual systet. and the time course
of the builldup of perceived structure. The experiments are motivated in part by
a computational model proposed by Ullman (1984), called the incremental rigidity
scheme, in which an accurate 3-D structure is built up incrementally. by considering
mmages of moving objects over an extended time period. If this model captures some
aspects of the human recovery of structure from motion, then two critical predictions
arise. Firet, the accuracy of perceived structure should increase over an extended
time period. and second, the current perception of structure should strongly influence
later perceptions. Also, in contrast to previous structure -How-inotion medels, the
mcremental rigidity scheme exhibits good performance in the presence of noise in the
image motion measurements, due in part to the integration of motion information
over time. This observation raises the question of how well the human visual system
performs in the presence of image noise. Through psychophysical experiments, we
examine these three questions. Thr .. omputer simulations, we then relate the
resiilts of our psychophysical experime:  .ith the predictions of Ullman’s model.

The next section briefly reviews previous computational and perceptual studies of
the recovery of structure fromn motion and introduces the model proposed by Ullman
(1984). We then present a series of experiments in which subjects perform the sim-
ple task of ordering a set of moving points in depth. Through these experiments, we
examine the accuracy of pereeived structure, the nature of its buildup over time and
its sensitivity to noise in the visual image. We conclude that when viewing displays
containing as few as three poiuts undergoing relative motion, the hunan visual system
can derive quite an accurate model of the relative depths of the points, even in the
presence of noise. The accuracy of the 3- D model improves with time; some observers
show continued improvement up to about one second of viewing. Performance eventu-




ally reaches a plateau, beyond which there is no further improvement. After presenting
the experimental results, we describe a set of computer simulations that reveal that
the carly time course of the buildup of perceived 3-D structure is similar to that pre-
dicted by one formulation of Ullman's model. These experiments also provide some
evidence that the 3-D structure currently perceived depends on previous 3 D wnodels.
The implications of our observations for the computation of structure from motion in
the human visual system are addressed in our final discussion.

THE COMPUTATION OF 3-D STRUCTURE FROM MOTION

In studying the computation of structure from motion, one immediately faces the
problemn that the recovery of structure is underconstrained; there are infinitely many
3-D structures consistent with a given pattern of motion in the changing 2 -D image.
Additional constraint is required to establish a unique interpretation. Early perceptial
studies suggest that the presumed rigidity of objects may play a key role in the re-
covery of structure from motion { Wallach & O'Connell. 1953; Gibson & Gibson. 1057:
Green, 1961; Jansson & Johansson, 1973; Johansson, 1973. 1977). Computational
studies establish that rigidity is a sufficiently powerful constraint to derive a unique
interpretation of structure under 2 vanety of viewing conditions.

From theoretical studies. it can be concluded that by exploiting &« rigidity con-
straint, a unique 3-D structure cau be recovered from motion information alone, using
image measurements that are integrated over a small extent in space and in time (tor
example, Ullman, 1979, 1983; Clocksin, 1980; Longuet - Higgins & Prazdny. 1930; Tsai
& Huang, 1981; Hoffinan, 1982: Prazdny, 1983; Kanatani, 1985; Waxman & Ullan.
1985; Mitiche, 1986; Waxman & Wohn, 1988). A review of many of these results cau
be found in Ullman (198%), Barron (1984) and Hildreth and Koch (1987). Theoret-
1cal studies have also givena rise to agorithms for deriving the rigid 3-D structusic ot
moving objects. Expeorimentation witn iic-o algorithms has revealed twao importazi
limitations. First, although 1t s pos<ible in theory to recover strovture from moion
izrormation chat is integratea over a small extent 1 <p.we and time. such a stiatogy
may not be robust in practice {an error analysis for the cusc of imited temporal extent
can, for example. be found i1 Weug, Huang and Abuy: (1339)). A siuall amount of
error in the hmage measureiwents can lead to very dittferent solutions (Ulhnan, 13830,
Second, most previeus algonthias derive a 3-D structure only when a rigid inrerpre-
tation is possible, and otherwise do not yield any interpretation of structure or yviela
a solution that is incorreet or unstable.

Theoretical studies suggest that a robust algorithm for socovering struerire shovis
use motion information rthat s more exiended 1n space or time. This couclasion s
supported in recent comrutations! stndies (for example. Briss & Horn, 19530 Lancon,
1983; Ullman, 1984; Adiv, 1.0 Helles & Baker. 1985; ~vegandaripour & Hoono 1030
Yasumoto & Medioni, 10as: Busrwna ev al, 1986; sharier & Prices 190u: Subbavae,
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1986; Landy, 1987; Waxman & Wohn, 1988; Bhanu & Burger, 1988).

With regard to the human visual system, the dependence of perceived structure
on the spatial and temporal extent of the viewed motion has not yet been studied
systematically, but the following informal observations have been made. Regarding
spatial extent, two or three points undergoing relative motion are sufficient to elicit a
perception of 3-D structure (Borjesson & von Hofsten, 1973; Lappin & Fuqua, 1983:
Braunstein et al., 1987; Petersik, 1987), although theoretically the recovery of struc-
ture 1s less constrained for two points in motion, and perceptually the sensation of
structure is weaker. An increase in the number of moving elements in view can yield
a more compelling sense of 3-D shape (Todd et al., 1988; Dosher et al., 1989; Sperling
et al., 1989), but its influence on the accuracy of perceived structure is unclear (see,
for example, Petersik, 1980; Braunstein et al., 1987). Regarding the temporal extent
of viewed motion, Johansson (1973) showed that a brief observation of patterns of
moving lights generated by human figures moving in the dark (commonly referred to
as biological motion displays) can lead to a perception of the 3-D motion and «i =ie-
ture of the figures. Other perceptual studies indicate that the human visual system
requires an extended time period to reach an accurate perception of 3-D structure
(Wallach & O’Connell, 1953; White & Mueser, 1960; Braunstein & Andersen, 1984b;
Doner, Lappiin & Perfetto, 1984; Brauustein et al., 1987; Siegel & Andersen, 1988;
Husain, Treue & Andersen, 1989). A brief observation of a moving pattern sometimes
yields an impression of structure that is flatter than the true structure of the moving
object. Thus, the human visual system can derive some sense of structure from mo-
tion information that is integrated over a small extent in space and time. An accurate
perception of structure, however, may require a more extended viewing period.

The sensitivity of early structure-from—motion algorithms to error in the image
motion measurements raises the question of how sensitive is the human recovery of
structure to image noise. Lappin, Doner and Kottas (1980) showed that small amounts
of noise could disrupt subjects’ ability to discriminate between different amounts of
coherence in structure-from-motion displays. This study used only two frames in
alternation, however. Other experiments have shown that subjects can tolerate larger
amounts of noise when extended sequences of images are used (Petersik, 1979; Doner,
Lappin & Perfetto, 1984; Todd, 1984, 1985; Husain, Treue & Andersen, 1989). Todd’s
studies, in particular, show that subjects can make an accurate assessment of 3-D
shape and motion in the presence of large amounts of visual noise.

Although most algorithms for recovering structure from motion are unable to
interpret nonrigid motions, there are exceptions to this that can interpret restricted
classes of nonrigid motions {for example, Rashid, 1980; Hoffman & Flinchbaugh, 1982;
Bennett & Hoffman, 1985; Koenderink & Van Doorn, 1986; Subbarao, 1936). The
mechanism for recovering structure from motion in the human visual system appears
not to be based strictly on the rigidity assumption. It is an everyday experience to




perccive the structure and motion of deforming objects sich as a flowing river. an
expanding balloon, or a dancing baliciina. Such experiences are rich with many cues
to 3-D structure. In controlled perceptual studies that isolate relative movenent «s a
single cue Lo 3-D structure, however. 1t ulso appears that the human visual system can
derive some sense of structure for a broad rauge of nonrigid motions, including stret ch-
ing, bending and even more complex types of deformations (for example. Johans-on,
1973, 1978; Jansson & Johansson, 1973; Cutting, 1982; Todd, 1982, 1984, 1985: Loomis
& Eby, 1988, 1989). Furthermore, displays of rigid objects in motion sometimes give
rise to the perception of somewhat distorting objects (Wallach, Weisz & Adams. 1936:
White & Mueser, 1960; Brannst~in, 1976; Sperling et ai., 158%; Sclivartz & Sperling.
1983; Braunstein & Andersen, 1984a: Adelson, 1985; Loomis & Eby, 1988, 1989},

Recently, Ullman (1984) proposed a more flexible method for deriving the struc.
ture of rigid and nonrigid objects that provides a natural means for integrating morioun
information over an extended time period. This method makes use of the 1igidity as-
sumption, but in a more flexible way than previous studies. The algorithm, called the
incremental rigidity scheme, maintains an internal model of the stricture of a movine
object, which is continually updated as new positions of image clements are considered.
The initial model may be flat, if no other cues to 3-D structure are present, or it miy
be determined by other cues available, for example, from binocular stereopsis. shading.
texture or perspective. As each new view of the moving object appears. the aigorithm
computes new 3-D coordinates for points on the object, which maximize the rigidity
in the tranformation from the current model to the new positions. In particular, the
algorithm minimizes tlie ~hnnge in the 3-D distances between points ir the maodel
The formulation presented by Ullman assumes the input to the recovery process to
consist of a sequence of discrete s cach containing a set of discrete feature point
whose positions are obtained by erthosranhic projection of the scene onto the image
plane. Through the process of repeatediy cousidering a new frame in the scquence snd
undating the current model of the structure of the movine featuros, the incrementa!
rigidity scheme builds up and rainrains a 3-D model. and can be applied both 1o siod
and nonrigid objects in motion. Recent extensions to the incremental rigidity scheme
use velocity ‘nformation direstl < input to the recovery of structure from motion.
and perspective prejection (Grzvwacz & Hildreth, 1987: for further details, see also
Grzywacz & Hildreth. 1985, Landy (1987) presents a paratlel structure from tioiion
model that inplements a similar scheme in a cooperative network. Details of theee dif-
ferent formulations of the incremental rigidity scheme addressed in this paver aonea,
in the section on computer simulatious. Other models have bheen sugeested that inose
rigidity by requiring that the 3 D distances between points in space change very iittle
from one moment to the next (for example. Mitiche, 1986 Subbarao, 1986 Jasiv~cin
& Yuille. 1989). althonugh these models do not build up 3 D structure inerererneg!ls

as in Ullman’s proposed scheme.
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The features of the incremental rigidity scheme that distinguish it froan otner
models are the buildup of an accurate 3-D model over an extended time ard e use
of a current 3-D model as an explicit source of coustraint on the model comy el ag
the next moment. In most other structure: from -wotion wodels. the cemputed 3-D
structure at each moment is constrained canly by direct visual inpat that is integrared
over a small window in time. The next sections explore whether the reoory of

structure from motion in the human visual system extubies these sahent proser e,

GENERAL METHODS

We first describe aspects of the visual stunall and enporimenial proecds
are common to the entire set of experiments. The experimental design was = oided
by a number of considerations. First, the task relies o an objective judgeme:: (Lat
does not require the observer to form an iuternal subjective scale of propesiic. wuch
as 3 -D distance or amount of rigidity. Second. the subjecr is able to perforin the
task in a sufficiently short time period that we can nwasare the tune course of the
early buildup of 3- D structure. If, on the other haud. it only required one o0 two
seconds for the visual system to compute an accurare model of 3 D strucrire, hat
several seconds of observation time were needed for the subject to make a mageient.,
then we could only assess the accuracy of the final computed 3-D model. Surl o rask
would not allow us to explore the intermediate structures perceived in the first onc or
two seconds of viewing time. Third, we have designed a task that relics as nincly as
possible on the derived 3D structure of the moving elements. rather than their raw
2- D positions or velocities in the display. Because the recovery of 3- D structure from
motion necessarily relies on properties of the changing 2-D projection. one ciennot
guarantee that observer’s judgements are not based directly on 2-D infory im0 but
we chose an experimental design that makes it very difficult for the observer « se
2-D enes directly. Finally. the experiments make use of a quantitative judsens shat

requires only relative movernent as the source of 3 D Jnlorination,

Subjects

The anthore, who are all tradued psychoplivsical observess, served as the <ot gects

for these experiments.

The Visual Stimuli

A st of three pomts distribured n space wan votared arenned < contia - aad
projected suto a 2 D computer display, nsing orthographie projection. To deserioe the
stimult in more detail, let us asswne a coordinate svstenn in which the X end 1 oaxes
are the honzontal and vertical axes i space and wohe tonaee plane, whioh e e

same tnder orthographic projection, and the positine 2 anis s divevied podg o bondar
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Figure 1. The ordinal experiment. (a) Side view of the experimental setup.
indicating the slanted axis of rotation. (b) Projection of a typical configuration
of points onto a plane perpendizilar to the axis of rotation. The circular outlines
indicate the annulus within which the points are located. (c) Bird’s eye view of the
fnal nositions ~f the three noints, indicating their separation in depth, 5.

to the image plane, away from the viewer. For the first experiment, the axis of rotation
of the three points was slanted 10° away from the image plane. as shown in Figure
la. For later experiments, the =xis of rotation was parallel to the image plane. When
projected onto a plane perpendicular to the axis of rotation, the positions of the three
points always lie within an annulus, as indicated in Figure 1b. The outer boundary of
the annulus restricts the overall range of X and Z coordinates of the moving points.
The reason for restricting the points to lie outside the inner boundary of tne annwus
is that points located near the center of this circular projection would move very
little under rotation. A point that is moving by only a small amount could easily be
identified as lying near the center of the cylindrical volume encompassing tlie set of
three points. The use of an annulus as shown in Figure 1b renioves this potential cue




to 3-D structure.

The pariicular configurations of poiuts were chiosen such that for any giver. rota-
tion, the positions of the points were evenly spaced in depih i the final frame that
was viewed. Let 4 denote the displacements in depth for this final view, as shown in
[ligure lc. The parameter. =, is defined in units of picture clements on the display.
In the plane of the display. which is perpendicular to the observer's line of ~ight. one
picture element corresponds to a visual angle of 2.5".

The Y coordinates of the three points (vertical positions in the unage plane. were
chosen such that there was always a minimunm separation hetween vertical position< of
25" ot visual arc. The size of each point was 10" - 10" of visual sogle and the resolarion
of the display was such that the positions of the points conld be set to¢ a resolinion
of 2.5'. The overall size of the window of the computer display 1n which the points
appeared was 10° x 10°.

The display itself was a wonochrome video monitor from a Syinbolics Livp Ma
chine, with a fast decaying (P4) phosphor. The experiments used black dot o a
white background. in order to reduce the possible effects of perosrence of the display.,

For each trial in the experiment, the points were rotated through a given toral
angular extent in increments of 1.53° around the central axis. A diserete {rame was
created for each angular position of the points and the entire set of frames was displayved
as a movie. The presentation time for each frame was approximately 33 msec. Thoere
was no interstimulus interval (1S81) after the 33 msee presentation time, each frame
was nmunediately replaced by the next frame in the sequence. A hxation raark wlso
appeared in every frame and the subject was required to fixate on the mark throughout

the duration of cach movie.

Experimental Procedure

For each trial. the first frame of the movie appeared on the display. the subject
pushed a button to indicate that he was ready: the movie was then displaved. The
distance of the viewer from the display was 0.4 meters. Viewing was monoeniar and
in a dark room.

The subjects were asked to specify which of the three pomnts was located midway
in depth between the other two. Because orthographic projection 1s used. there are
two possible rigid structures corresponding to the changing projedo.ds one is the
structure used to generate the frames and the second 1s its reversal in deptli. Both
solitions share the same central poim, so the outcome of a given trial is not effected

by whether the subject sees a given structure or its depth reversal.

buttons oriented vertically and were told to associate the vertical ordering of the three
buttons on the box with the vertical ordering of the positions of the pomnts on the

display.  After each trial, the subject pushed the appropriate button depending on




whether the top, middle or bottom point was perceived as being between the other
two points in depth. No feedback regarding the correctness of the respouse was given.
This lack of feedback reduced the likelihood for subjects to use simple tricks based
direer,y on 2-D cues for performing the task.

The accuracy of perceived 3-D structure can be assessed by measuring how well
subjects perform this task as we vary the separation between the polnuts in depth. ».
while the time course of the buildup of this accuracy can be assessed by measuring,
subjects’ performance as the angular extent of rotation of the points is inereased. The
particular stimulus parameters used are indicated in the discussion of cach individuad
experiment.

EXPERIMENT 1

This first experiment addresses the time course of the buildup of accuracy of
perceived 3-D structure, by measuring subjects’ performance as the angnlar extent of
rotation 1s varied.

The Visual Stimuli and Experimental Procedure

Six different angular extents were used in this experiment: 0°,3°.6°. 157, 307, 457
A single experimental session consisted of 324 trials with 81 different configurarions
of the three points. For this first experiment, the displacement in depth was 5 = 70,
Through a single scssion, the 81 configurations were repeated four times in random
order. The different angular extents appeared in blocks of 27 trials. with the ordering
of the blocks randomized. The 0° condition served as a control, to show .hat there
were no static cues to depth in these displays. For each experimental condition, we
computed the percentage of correct o ponses by the subject.

The axis of rotation was slanted 10° wwayv from the 1mage plane, as shown n
Figure la. The use of the slanted 1otation axis made 1t possible 1o design the S2
configurations in a way that made it very ditficult for sabjects to base their judgenici
of relative depth directly on 2 D information about position= or velocities i the image.
There was uo bias for particular positions on the compuier display, that s the pomn
corresponding to the correct response was equally likely to appear on the top. nuddle
or bottom in the vertical direction, and to the left, right or middle in the horzontal
direction. Also. there was no bias for particular nnage velocities, that i< ihe correct
point was equally likely to move with the highest, middle or lowest mace veloaty,
Consequently, it was not possible for the subjects to base ther judgement directiy on
simple properties of the 2 D nnage positions or velocities of the poiuts. The use of the
slanted rotation axis was essentinl for remeving the 2 D veloeity enel It the axas o
rotation were parallel to the image plane, then projected inage veloeiry conid provide

a direct ene to qepth.
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Experimental Results

ror this first experiment, data was gathered for two subjects, ECH and NMG,
and is displayed in Figure 2. The angular extents of rotation are indicated on the
vertical axis of the graph shown in Figure 2 and the percentage of correct responses
appears on the horizontal axis. Each data point represents the result of 324 trials.
Error bars indicate a single standard error of the mean. A chance level of performance
corresponds to 33%. Both subjects performed at chance for 0° of rotation.

o
[+ ]

©
~

percent correct

0.4

0.3

g.27 — v v - —
0 10 20 30 a0 50

anguiar extent of rotation, degrees

Figure 2. Results of Experiment 1. Data for ECH (squares) and NMG (circles)
are shown superimposed. The percentage of correct responses is plotted against
the total angular rotation. Standard errors are displayed as vertical bars. The data
shows improvement in performance with increased angular extents of motion.

The first observation ‘hat can be made is that subjects did exhibit a buildup in the
accuracy of the perceived 3-D structure of the points. There was a rise in performance
level from 0° to 30° of rotation for the subject ECH (squares), while performance for
the subject NMG (circles) continued to rise up to 45°. Later experiments indicate that
performance typically reaches a plateau at 30° and 45° of rotation for the subjects ECH
and NMG, respectively. For the longer angular rotations, subjects found it increasingly
difficult to maintain the perception of a rigid structure over the full extent of rotation;
the points sometimes appeared to move independently of one another in a nonrigid
manner.

It should be emphasized that the total viewing time and total angular extent
of viewed motion are directly coupled in these visual displays. We cannot conclude
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from this experiment «lone whether the aceuracy of perreived structure d- pends maost
critically on the extension of the visual stimulus in time. across space, or both. If
the extent in time alone is a factor in determining this accuracy, we note tlat the
rotation of 30° corresponds to a total viewing time of 768 msec, which is in rongh
agreement with the time expected from the studies of Andersen and Siegel (1983
Siegel & Andersen, 1988; see also. Husain, Treve & Andersen, 1989) indicating that
several hundred msec of vieving time is required to make visual discriminations of
motion that are essertial to che detection of 3 D structure.

EXPERIMENT 2

The second experiment expiores both ilie temporal buildup of perceived 3 -D strue-
ture and the accuracy of the perceived structure. Accuracy is assessed by measuring

subjects’ performance as the final separation in depth between the points. ~. is vared.

The Visual €timuli and Exverimental Procedure

TlLe experimental setup is similar to that of the first experiment, but with an
important exception. The points were now rotated around a central vertical axis
(that is, parallel to the image plane). The rcason for this was a practical one. In
the first experiment, there was no bias for particular image velocities. in that the
point that was midway in depth at the end of the rotation was equally likely to rove
with the siowest middle or fastest velocity in the image. Because of the nature of
the geometric projection, for smaller final separations of the points. 4, this u.uform
distribution of velocities could only be achieved if the points were allowed to have
large vertical separations. The task itself. however, becomes difficult when the nints
are widely separated in the imag~. hecause the points appear to decouple from one
another. We therefore decided to use a vertical axis of rotation in this experi.acur.
allowing the configurations to becone more compact in the vertical direction. While
this introduces a potential 2-D velo-'ty cue, we believe that the subjects were not
using this velocity cue directly. for reasons that are elaborated wpon in aur disctssion
of the results of this experiment.

A single experimental session consisted of 256 trials and used 64 ditle:ont contien-
rations of the three points and 4 ditferent angular extents of rotation. The displacement
in depth. vy, was kept constant foor a single session, but was now varied between sessions.
Through a single session, the 64 configurations were repeated four times n random
order. The different angular extents appeared in blocks of 16 trials, with the ordering
of the blocks randomized. As a controf, the points again remained stationary in <ome
trials. The 64 configurations were cliosen such that there was no bias for partienla
positions on the computer displav ithe pomnt corresponding to the correct response was
equally likely to appear cu the tond middle or bottom in the vertical 'irection. ana

to the left. nght or middle 1w the horizontal direction). \ totan of S dittereut anenio:
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extents were used in this experiment: 0°,6°,15°,30°,45°,60°,60°,177°. In addition,
5 different depth displacements, v were used: 10,20 30,40, 50. For each experimental
condition, we computed the percentage of correct responses by the subject.

Experimental Results

Complete data were gathered for three subjects, ECH, VKI and NMG. Parual
data was also obtained for a fourth subject, which confirined the general trends seen
in the data. Individual data for ECH and NMG are displayed in Figures 3a and 3b,
respectively. The data are shown separately, because quantitative differences hetween
the performance of individual subjects were observed. The two sets of data shown here
represent the range of performance observed. Figure 3¢ shows the results of averaging
the data obtained for the three subjects. The angular extents of rotation are indicated
on the horizontal axis of the graphs shown in Figure 3 and the percentage of correct
responses appears on the vertical axis. Data for different displacements 4 are drawn
on separate curves. As a control, we again veritied that subjects were at a chance level
of performance for 0° of rotation. Each data point in Figure 3 represents the result of
64 trials (that is, 64 different configurations).

It can again be observed that subjects showed a buildup in the accuracy of the
perceived 3-D structure of the points. Particularly for the larger values of -, there
was a steady rise in performance level from 0° of rotation that reached a plat~au at
about 30° of rotation for subject ECH (Figure 3a) and about 45° of rotation for NMG
(Figure 3b). After only 6° of rotation. subjects already reached a level of performance
that was often within about 15% of the level at which performance reached a plat -au.
After about 30° — 45° of rotation, performance generally did not continue to impr ve
with larger extents of motion. The level of performance dropped for very large angu r
extents. (When tested against a binomial distribution with probability 0.5 that t. -
level of performance was larger at 180° than at 90°, a significant drop was foun
(n = 18, P < 0.05).) Subjects again found that it was difficult to maintain the
perception of a rigid structure over such a long viewing period; the points sometinies
appeared to move independently of one another in a nonrigid manner.

Performance was generally worse for smaller 4. For the largest value of 5 tested,
~ = 50, performance for some subjects reached the 90% level of performance. For
the smallest displacement, v = 10, subjects were not significantly above chance. while
for 5 = 20, subjects were well above chance for all angular extents of rotation. This
suggests that the threshold for discrimination of relative depth from motion may lie
somewhere in this range of displacements. For the case where v = 20, the relative
depth between the points is 1.45% of the distance between the observer and compnter
display, that is, the threshold was roughly 0.6 cm from a viewing distance of 40 cm.
Measurements need to be made at additional viewing distances, however, to derive a

reliable measure of structure frou motion ecwty.
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Figure 3. Results of Experiment 2. The percentage of correct responses is piotted
against the total angular rotation. The five different curves in each figure correspond
to the five displacements in depth. v = 10 (circles, lower curve), 20 (diamonds),
30 (triangles), 40 (squares) and 50 (circles, upper curve). (a) Data for subject
ECH. {b) Data for subject NMG. (c) Average data for three subjects. Performance
improves both w <k angular extent of rotation aind with increased d'uplacement in

depth.
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Comparing the data here to that of Experiment 1, we can see that the overall level
of performance is significantly higher in this case. There are at least three possible
reasons for this. First, because we are using vertical axis rotation and orthographic
projection here, there is no coupling between the vertical positions of the points in the
image and their position in depth. This allowed us to construct configurations that
were more compact in the vertical direction. The relative 3-D structure is easier to
Judge when the projected points are closer to one another. Second, the accuracy of the
3-D structure derived from structure-from-motion algorithms typically degrades as
the axis of rotation is slanted further away from the image plane. This occurs because,
in general, the amount of relative motion between points that is due to their relative
depths decreases as the axis of rotation is slanted further away from the image plane. If
the rotation axis is slanted by 90°, so that it is now perpendicular to the image piane,
there is no relative movement due to relative depths. Computer simulations with the
incremental rigidity scheme (Hildreth and Grzywacz, unpublished observations) show
a steady decline in the accuracy of computed 3-D structure as the angle of slant of the
rotation axis is increased from 0° to 90°. Loomis and Eby (1988, 1989) recently showed
that the human visual system also exhibits this behavior, which could contribute to a
drop in performance in Experiment 1, where the axis of rotation is slanted 10° from
the image plane.

A third reason for the improved performance in Experiment 2 may be the intro-
duction of the potential 2-D velocity cue into the experimental setup. The point that
is midway in depth also has a velocity that is between that of the other twe points.
Subjects were instructed to base their judgements on perceived 3-D positions of the
points and subjectively reported doing so, but may have inadvertently used the 2-D
velocity cue, at least on some trials. We believe, however, that subjects were not mak-
ing sole use of the 2-D velocity cue, for the following reasons. First, when we began
these experiments, we were not aware of this potential 2-D cue, and found later that if
we explicitly try to use this cue, we perform substantially better. Second, psychophys-
ical studies indicate that the size of the temporal integration window for measuring
image velocities ranges between 80 msec for high velocities to about 200 mscc for
medium range velocities (see, for example, McKee & Welch, 1985). Integration times
for measuring very slow velocities may be longer (S. McKee, personal communication),
but such low velocities rarely occur in the visual stimuli used here. The buildup in
accuracy of perceived 2-D image velocities therefore cannot account for the more ex-
tended temporal buildup in performance that we see here, which lasts on the order of
800 — 1000 msec. If the subjects based their judgements on 2-D velocities directly,
onc might expect performance to reach a plateau at only about 200 msec. Third, the
consistency of the time course measured here with that measured in Experiment 1.
where the direct 2-D velocity cue was not available, also suggests that the buildup
of accuracy largely reflects the increased accuracy in perceived 3 D structure rather
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than perceived image velocities. In particular, the experiments indicate a consistent
plateau in performance level at 30° for ECH and 45° for NMG.

EXPERIMENT 3

It was noted earlier that a common limitation of many structure-from-motion
algorithms is extreme sensitivity to noise in the visual image. The incremental rigidity
scheme, however, is quite robust against noise, in part because it integrates visual
information over an extended time period and also because it allows deviations from
rigidity.

Experiment 3 examines the nature of the degradation in human performance on
the same ordinal task described earlier, as a function of the amount of noise introduced
in the stimulus. In the section on computer simulations, we compare the psychophys-
ical data with the behavior of the incremental rigidity scheme.

The Visual Stimuli and Experimental Procedure

The experimental procedure used here was similar to that used in Experiment
2. The visual stimuli differed in the following way. In each discrete frame, Gaussian
distributed noise was added to the X and Y positions of the points in the projected
image. The space constant o for the Gaussian was held constant throughout a single
experimental session, and varied between sessions. The levels of noisc used here were
sufficiently large that the erratic motion of the points was very apparent.

Experimental Results

Individual data for two subjects, ECH and NMG, are shown in Figures 4a and 4b,
respectively. Only a single displacement 1n ucpth, v = 40, was used in this experiment.
The subject ECH performed the experiment with added Gaussiau noise for which
o = 2.0 and 4.0 (expressed 1n terms of visual angle, 0 = &' and 10’ of visual arc). The
subject NMG performed the experiment with o = 2.0, 4.0 and 6.0.

For the subject ECH (data shown in Figure 4a), the added noise uniformly de-
graded performance for all of the angular extents of rotation. The drop in performance
for smaller rotations was not significantly greater than that for larger rotations. Sub-
jectively, the task appeared much more difficult for the larger level of noise. but the
difference in mean performance between the two noise levels vwas small. The effect of
the noise was qualitatively similar for the subject NMG (data shown in Figure 4b).
although the decrease in perforinance for ¢ = 2.0 and 4.0 was smaller than that seen
in the data for the subject ECH. For cach level of noise, a plateau in performance was
reached after 45° or 60° of rotation. Data collected for a third subject was essentially
the same as that shown in Figure 4a.
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Figure 4. Results of the noise experiments. The percentage of correct responses
is plotted against the total angular rotation. The different curves correspond to
different levels of added Gaussian noise; o = 0.0 {circles), ¢ = 2.0 (squares), o = 4.0
(triangles) and o = 6.0 (diamonds). v = 40 for all experimental sessions. (a) Data
for subject ECH. (b) Data for subject NMG. There is a gradual degradation in
performance with increased levels of noise.
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The overall data for the subject NMG indicates less sensitivity to noise than that
demonstrated for the subject ECH. Recall that in the first two experiments, NMG
showed a slower buildup in the accuracy of his internal model of the 3-D structure
of the points. This slower buildup may suggest a longer integration time for recover-
ing structure, which is likely to yield the lower sensitivity to noise exhibited in this
experiment.

It is significant that performance at this task does not entirely break down with
the large levels of noise used here, that is, does not drop quickly to a chance level
of performance. The degradation for small angular extents of motion is expected. as
the added noise sometimes makes the displacements of the points totaily incorrect,
given their true 3-D structure, for all or most of their extent of motion. Subjectively.
it was observed that for the large angular extents, the “average” displacement of the
points over their full trajectory can still be judged and used to inteipret their rough
3-D structure. The data here suggests that the human visual system may not rely on
precise measurements of the velocities and accelerations of image featuics, but rather
may require only rough estimates of the positions or motions of image features, perhaps
over an extended time period.

EXPERIMENT 4

It was noted earlier that a second salient feature of the incremental rigidity scheme
is the dependence of the current 3-D model on past 3-D models. This is different from
other structure-from-motion algorithms, in which the computation of 3-D structure
at a particular moment in time depends only on the visual input measured over some
limited time frame. This last experiment attempts to test whether perceived 3-D
structure depends on previous 3-D structures derived by the visual system.

Early observations from computer simulations with the incremental rigidity scheme
indicated that the zlgorithm sometimes beuaves differently when started with differ-
ent initial models of the 3-D structure of a set of points (Hildreth and Grzywacz.
unpublished observations). In general, if the algorithin begins with an initial model
that is compressed relative to the true structure of the object, then the algorithm will
converge toward the true structure. If, on the other hand, the algorithm begins with
a madel that is very stretched (say. by a factor of two) relative to the true structure.
then the algorithm often settles into a stretched and slightly nonrigid structure. rather
than converging toward the true, rigid structure. In this experiment. relative move-
ment was used to establish an initial pereeption of 3 D structure that was different
from the structure on which the observer was to be tested. We examined the influence
of different initial 3-D models on the subsequent perception of structure.

Much of the experimental setup here was similar to that used in Experiment 2. For
each trial, however, the motion of the three point configurations viewed i Experiment
2 was now immediately preceded by the motion of a ditferent contiguration of three
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points. The last view of the preceding configuration was arranged to coincide with
the first view of the configuration on which the observer was tested, so that there was
no abrupt iransition between the motion of the first and second configurations. The
experiment examined three different types of motion preceding the movement of the
test configurations:

(1) inthe first condition, the preceding configurations were both stretched relative
to the test configurations and the ordering of the points in depth was randonzed.
The ratio between the stretched and true depths was, on average, between 4:1
e 5.1, Both the stretched and test confizuravione were rotated around a central

vertical axis.

(2) 1n the second condition, the preceding configuration was such that at the
transition point at which the motions of the two configurations join. the pre~"ine
configuration was flat and in the plane of the computer display. Both the planar
and test configurations of points were rotated around a central vertical axis.

(3) In the third condition, the initial configuration was identical to the test
configuration, but was rotated around the line of sight. (This rotation should not
convey any information about the real 3 D structure of the points.) After being
rotated around the line of sight, the configuration was then rotated arcund the
vertical axis as before.

Based on observations from computer simulations, we expect that if the incremen-
tal rigidity scheme is an appropriate model for the human recovery of structure from
motion, then the first manipulation above should lead to a substantial degradation in
the subjects’ ability to judge accurately the structure of the test configuration. This
1s becanse we are initially priming the subject to sce a stretched 3-D configuration, in
which the ordering of the points may be different from that of the test configuration.
Suppose that the initial stretched configuration is used by the visual system as an ex-
plicit source of constraint on the subsequent recovery of the 3-D structure of tlie test
pattern. The test pattern might then be forced to look somewhat stretched and with
an mcorrect ordering of the points in depth relative to the true structure. If this were
the case, one would expect a degradation in the quality of the 3-D structure attributed
to the test pattern. We might not expect perceived structure to remain incorrect in-
definitely. however. Internal noise, for example. might initiate changes in pereeived
structure. In addition, observations by Adelson (1985) suggest that compact views of
a rotating 3 -D object tend to be interpreted us the projection of a compact object
in 3 D space, rather than a stretched object viewed from au unusual angle. Thus,
an object that cycles between streteched and compact 2- D views typically appears to

distort continuously. This phenomenon is also likely to oceur in our dieplays.

The second and third manipulations, ou the other hand, should not lead to sub-
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stantial degradation in performance. This expectation is basced on the observation that
in general, the incremental rigidity scheme will converge quickly to the true structure
of a rotating object, if it begins with an initial model that is compressed in depth,
relative to the true structure. The algorithm assumes that in the absence of other 3-D
cues, the initial model is flat and parallel to the image plane. The second and third
manipulations described above only serve to strengthen the perception of a flat initial
3-D structure, prior to the motion of the test configuration.

The Visual Stimuli and Experimcntal Procedure

For each condition, experimental sessions were run with and without the previous
configuration. In the case of condition (1), the stretched points were rotated around
the central vertical axis for 36° in increments of 1°. The stretched pattern was then
immediately followed by the rotating test configurations, which were constructed as
described in Experiment 2. For condition (2}, e fiat configuration of points was
rotated around the central vertical axis for 45° in increments of 1.5°, and then followed
immediately by the test configuration. For condition (3), the configurations of points
were initially rotated by 90° around the line of sight in increments of 1.5° before being
rotated around the central vertical axis. For all three conditions, the test configurations
were rotated only for small total angular extents (6°, 15°, 30° and 45° of rotation), in
increments of 1.5° of rotation per frame. The subjects ran two sessions, each containing
256 trials, and the percentages of correct responses were calculated.

Experimental Results

Average data for the subjects NMG, ECH and VKI are shown in Figure 5 for
condition (1), in which the initial configuration is stretched in depth. Each data point
represents the results of 384 trials. We show both the data for the control experiment
(circles), in which only the test configuration appeared, and the data for the case in
which the stretched configuration appeared first (triangles). The vev 1cal bars indicare
standard errors.

The presencc of the initial stretched configuration degrades the subsequent com-
putation of the structure of the test configuration. The drop in performance was large
for 6° and 15° of rotation, but there was no significant drop in performance for 30°
and 45° of rotation. In terms of the total time over which performance was affected.
individual data indicated that this influence extended for about 500 — 600 msec for the
subjects ECH and VKI, while for the subject NMG, an influence could suill be seen
after about 1200 msec.

Figures 6 and 7 show average data for the subjects ECH and NMG. for the two
control conditions, in which the preceding configuration was flat and rotated aronnd
the vertical axis, or rotated around the line of sight. The data points each represent
the results of 256 trials. Tn the case of Figure 6, theve is a small but significant. droj
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Figure 5. Average data for the experiment with an initial stretched structure,
for subjects ECH, NMG and VKI. Circles correspond to the control condition and
triangles to the case where the stretched configuration appeared first. Vertical bars
indicate standard errors. The initial stretched configuration leads to degradation
in performance that lasts up to about 30° of rotation of the test configuration.

in performance for the smallest angular rotation, but there are otherwise no significant
differences between the data for the control and test conditions.

Some of the degradation in performance seen in this experiment can be attributed
to the size of the temporal integration period that is used to measure retinal image
motion. It appears, however, that this integration period could only account for the
degradation seen for the smallest angular extent of rotation, 6°, which extended over a
viewing time of roughly 150 msec. As we noted earlier, psychophysical studies indicate
that the size of the temporal integration window for measuring image velocities ranges
between 80 msec for high velocities to about 200 msec for medium range velocities (see,
for example, McKee & Welch, 1985). We therefore do not believe that the extended
influence seen here (up to a second or so) can be accounted for on the basis of the
mechanisms by which retinal image motion is first measured. In further support of
these conclusions, the second and third manipulations used to generate the preceding
configurations (data shown in Figures 6 and 7) should also influence the performance
of the motion measurement stage, but did not lead tc an extended influence on the
quality of the perceived 3-D structure.

For the case of the incremental rigidity sciieme, the structure computed at a
particular moment appears to depend on previous 3-D models. Based on computer
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Figure 8. Average data for the experiment in which an initial planar configura-
tion is presented, for subjects ECH and NMG. Circles correspond to the control
condition and triangles to the case where the planar configuration appeared first.
Vertical bars indicate standard errors. There is degradation in performance only
for the smallest angular rotation, in contrast to the results obtained for the initial
stretched configuration shown in Figure 5.

simulations with this model, we expected that if observers initially viewed a stretched
configuration, then there would be a significant degradation in the quality of the
structure perceived at later times. On the other hand, if a flat configuration were
viewed 1nitially, we expected no degradation at later times (except for the shortest
angular extent of rotation). Our experimental data showed these expectations to hold
true for a limited time frame of a second or so. When the initial configuration was
stretched, however, the perceived 3-D structure eventually ‘rollapsed’ to the true,
more compact structure, while the algorithm typicaily 1emains in the stretched 3-
D interpretation indefinitely. Thus our experiments lend support to the notion that
previous perceptions of 3-D structure constrain future models, but suggest that some
modification is required to the incremental rigidity scheme to account fully for human
behavior. Note that our perceptual experience is consistent with the experimental
observations by Adelson (1985) mentioned earlier, which suggest that even for rigid
objects, there is a tendency to perceive objects that are compact in the image as being
compact in 3-D space, which can lead to nonrigid perceptions.
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Figure 7. Average data for the experiment in which the test configuration is
initially rotated around the line of sight, for subjects ECH and NMG. Circles cor-
respond to the control condition and triangles to the case where the configuration
was first rotated around the line of sight. Vertical bars indicate standard errors. ‘ 8
There are no significant drops in performance, in contrast to the resuits obtained or
for the initial stretched configuration shown in Figure 5.

COMPUTER SIMULATIONS

Through computer simulations, we examined the quantitative behavior of three
different formulations of the incremental rigidity scheme at a task similar to that used
in the psychophysical experiments. We refer to the first two formulations as Ullman'’s
discrete model and flezsble model, and to the third formulation as the continuous model.
We first describe the three basic algorithms and then present the results of computer
simulations.

Ullman’s Discrete Model

Ullman’'s discrete formulation of the incremental rigidity scheme assumes the vi-
sual input to consist of a sequence of frames, each containing a number of discrete
points that may correspond to identifiable features in the changing image. The scheme
maintaing and updates an internal model M(t) of the viewed objects, which consists
of a set of 3-D coordinates: M(t) = (z(t), vi(t), zi(t)). All of the formulations used in
the simulations here assume orthographic projection onto the X — Y image plane, so
thav (z;(t),y(t)) are the image coordinates of the i-th point, and z;(¢) is the current
estimate of the depth at the i-th point (see Grzywacz & Hildreth (1987) for formula-
tions that use perspective projection). When no other 3-D cues are present, the initial
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model M(t) at t = 0 i1s taken to be flat: that is, z;(0) = 0 (or some other constant
value) for : = 1,..., n, where n is the number of points in motion.

Given a current model M(t) at time t and the image of the moving points in
a new frame at a later time t', the problem is to compute a new model M(t") such
that the transformation from M(t) to M(t') is as rigid as possible. Since r,(t") and
yi(t') are known, this requires the computation of the unknown depth values z,(t').
(It is assumed that the correspondence between points in the two successive frames is
known.) The new depth values are computed as follows. Let [;;(¢) denote the distance
between points ¢ and j at time ¢. To make the transformation as rigid as possible. the
values z;(t') for the new model are chosen so as to make I,;(t) and [;;(t') as similar as
possible. For this purpose, Ullman defined a measure of the difference between [, (41
and [;;(t') as:

(L () — 1;(t)?
13(t)

d(li;(t), i(t')) = (1)

and formulated the recovery of structure as the computation of z,(¢') that minmimize
the following overall deviation from rigidity:

Dy(t.t') = Zd(l,,(t),l,](t’)). (2)
4]

After the values z,(t') have been determined using this minimization process. the new
model M{t') = (£,(t'), y.(t'), 2,(¢')) becomes the current model. A new frame is then
registered and the process repeats itself. In this way, the scheme maintains rigidity by
keeping the total distances between points in the model as constant as possible. The
motivation for the cubic factor in the denominator of Equation (1) 1s that the nearest
neighbors to a given point are more hkely to belong to the same object than distant
neighbors, so that a point is more likels to move rigidly with its nearest neighbors.
The I?J(f) factor diminishes the influence of distant points 1 the ree wery of structure.

It should be noted that in the case of orthographic projection, only relative depth
values, z,(t) — z,(t), can be recovered. rather than absolute depth values, hecause
under this form of projection, the image of a given object does not change with its
absolute depth. In addition, 3 -D structure is determined only up to a reflection about
the image plane. since the orthographic projection of a rotating object, and its nirror
image rotating in the opposite direction, coincide. Durther analysis and vanations of

this discrete model can be found in Grzywacz and Hildreth (1987).
Ullman’s Flexible Model

The flexible model is a modificz "on of the discrete model that allows the internal
model at two consecutive instants to be corrected simultancously. The scheme searches
for a modified, corrected madel M'(#) eneh that the transition from Mt to Mot s
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small, and the transition from M'(t) to M(¢') (the model at time #') is as rigid as
possible. The flexible model minimizes the sum:

Dy(t,t") = > [d(Li;(t), 1(t)) + d(li;(t), Li;(t"))] (3)

5]

where I} (t) refers to the distances between pairs of features in the model Af'(t).

The Continuous Model

It is also possible to develop a continuous formulation of the incremental rigidity
scheme, which uses velocity information at discrete feature points in a continuously
changing image as input to the recovery of 3-D structure (Grzywacz & Hildreth, 1987).
We assume again that there always exists an internal model M(t) = (x;(t),y,(t). z;(t)).
and that the image velocities 1;(t) and y;(t) are known. The problem is then formu-
lated as the computation of the 2z components of velocity, z;(t), that minimize the
total continuous change in the distances between the points. The measure of overall
deviation from rigidity is given by:

D(t) =) (1)) (4)
£

where 1;}-(2) denotes the time derivative of the distances Ii;(t), which is dependent
on the velocities (£,(t),y;(1), Z;(t)). The additional factor of lf] that appears in the
denomonator of Equation (1) could also be used in the measure shown here. In other
respects, the continuous model 1s similar to Ullman's discrete model. A model of
the structure of the moving points is built up by continually taking into account
new velocity information over an extended time period. Again, because orthographic
projection is used, only relative velocities, 2;(t) — z;(t), can be recovered. Further
details of the continuous model can be found in Grzywacz and Hildreth (1987).

Simulation Results

This section describes the performance of the three different formulations of the
incremental rigidity scheme on a task similar to that used in the psychophysical ex-
periments and compares these simulation results with human performance. Qur main
conclusion is that the qualitative behaviors of the original discrete model and the con-
tinuous model differ significantly from human performance, but the behavior of the
Hexible model 1s qualitatively similar to the psychophysical data. at least for the initial
rise in performance level for smaller angular rotations.

Configurations of three points were chosen in « wayv that was similar to the vi-
sual stimuli used in the psychophysical experiments, with the positions of the points
distributed evenly in depth in the final frame. For each of the three models. the con-
figurations were rotated around the vertical axis for different total angular extents
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and images of the points were computed at diserete positions in the trajectors. The
. simtlations of the discrere and Hexible models used angular rotations between frames

of 187 and a new 3 D model was computed after every 107 of rotation. It has heen

1

shown that the performance of the incremental rigidity :«'h(‘mo degrades as the an-
gle of rotation between fratnes bHecomes small (Cllman, 1984 Grovwacz & Hildreth,
1987; Landy. 1987). A rotation of 10° was chiosen so that we could obtain resiilts for
a number of different angular extents in the range from 107 to 180°, without cans-
ing significant degradation wn the performance of the algorithm. Simulations of the
continuous model used angular rotaticns between frames of .1°. ‘hat a new 3-D
model was computed every 0.1°. Iu some simulations. Gaussian (U\T'l})llft d noise wias
added to the positions of the points in cach frame. At the <‘n<1 of & given sequeniee of
images, when the frame that contains the points that are equally spaced 5 dep iy woas
reached, it was determmined whether the point that occurred in the nudele fin den-

in the computed 3-D mode! was the correct middle point,

In the first set of simulations, the displacements in depth was - = 40, For the
simulations of the discrete and continuous models, no noise was added to the po-itions
of the moving points. For the simulations of the flexible model. & small amount of
Gaussian noise was added. corresponding to o = 2.0, Figuie 8 shows the percentage of
correct responses obtained in the computer simulations, for cach of the three models.

The results for the discrete and continuous formulations are shown with cireles and

. triangles, respectively. and t,‘zv resitlts of the flexible model are showir as squuares. Each
datapoint represents the results of 236 trials. A chance level of performance (33% ) was
assumed for a rotaticu «f 37, because the algorithin begins with a flat configuration in
which the Z coordinates o o thiree points are the same. Alko shown in the figure ix
a plot of the psychophyarcal qata fiom Experiment 2 (crosses)) obtained for ~ = 40,
averaged over the tliree sitijees © 0 Figure 3¢).

Some of the degradaticn b ecforree. seenin this experiinent can be attriineed

to the size of the teoapoiat intearation period that s used to
C dder Brse e el o Diman's diserete model, I rhe absence of crror
CONSIGeL ISy e ey ey a0 U HInan £ diserete inwodet, IV THhe AaDsence o error

i the positions of the pointe the diserete model eventua'ly converges to a perfect

3 D mode? ~ud does ot soneh s darean at the lowe: Teveis of porformnnes seenin
the psychoplivsical experin - in addition, this model extubits a slower rise in

performance for sinals s aperiac cotations, in comparison with the hwnan data, Thas
the discrete model appears not <o norform as well as human subjects for sinail anpulor
rotations, but eventinly roaanes »osienificantly better level of performance for larger
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Figure 8. Results of computer simulations. Results of the three models of the
incremental rigidity scheme applied to visual stimuli similar to those used in Ex-
periment 2. The graphs correspond to the results of the discrete (circles) and
continuous (triangles) formulations, the flexible model (squares) and psychophysi-
cal data (crosses). The percentage of correct responses is plotted as a function of
the angular extent of rotation. Human performance exhibits a more rapid early
buildup in accuracy than the models, but the models continue to improve in perfor-
mance after the psychophysical data reaches < plateau. The flexible model vields
tne best fit to the experimental data.

their extreme sensitivity to noise in the visual input. The use of a more flexible rigidity
constraint, together with the notion of building up a structure incrementally over time,
as proposed by Uliman {1984), has led to an algorithm that can perform betrer than
the human visual system in some circumstances. In order for the discrete formulation
of the incremental rigidity scheme to remain viable as a model of human performance,
it needs to be modified in a way that yields both better short-term performance and
worse performance over extended times. It is possible that some of the differences in
observed performance are the consequence of properties of the motion measurement
mechanisms preceding the recovery of 3-D structure, which determine the precision
of the input position or velocity measurements. Also, these differences may arise from .
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properties of the way in which the internal model is accessed and the deterioration of
its memory over time.

Consider now the continuous model. The study by Grzywacz and Hildreth (1987)
showed that the continuous model can provide a good estimate of structure over a
short period of time, but then oscillates between good and poor models of structure
over an extended time period. It does not yield as stable a long-term recovery of
structure as that provided by Ullman’s discrete model. From the results shown in
Figure 8, it can be seen that in the absence of image noise, the continuous model
also reaches an almost perfect level of performance that is significantly higher than
the performance levels reached by human subjects. We expect that for larger angular
extents of rotation, the performance of the continuous model will drop, because of its
oscillatory behavior. The time course of the early buildup of structure is similar to
that observed with the discrete model. Simulations showed the continuous model also
to be quite robust against noise, but is not as robust as the discrete model. From
these simulation results, we conclude that the quantitative behavior of the continous
model also does not appear to agree well with that of human subjects. Similar to
the discrete model, it exhibits a slower rise for small angular rotations and eventually
reaches a higher level of performance.

The final model that we consider is Ullman’s flexible model. In Figure 8, the re-
sults for this model are closer to the psychophysical data for angular extents of rotation
up to 90°, although human performance is still somewhat better. The flexible model
generally builds up a 3-D structure more quickly than the discrete and continuous
models. Like the other models, however, it eventually reaches an essentially perfect
level of performance for long extents of motion.

We also examined the behavior of the flexible model when a large amount of
Gaussian noise is added to the positions of the ponts in each image frame. Our
motivation here is simaply to show that sunilar to human performance. there i1s a
graceful degradation in the behavior of the incremental rigidity scheme with increased
noise. Figure 9a shows the performance of the flexible model when Gaussian noise,
for which ¢ = 8.0, is added to the image frames (squarcs: shown in comparison to
the case in which only a sm~]! level of noise is added (cizcles)). For angular extents
less than 90°, there is a drop in performance with the larger amount of added noise,
but the algorithm eventually performs at an almost perfect level in both cases. It is
difficult to compare, quantitatively, the effects of noise here with the effects observed in
the psychophysical experiments, because the nature of the noise in the psyclophysical
experiments and simulations is different. The simulations use discrete frames at every
10° of rotation, while in the experiments, noise is added to frames that are generated
for every 1.5° of rotation. The temporal smoothing that takes place in the early stages
of human vision will also tend 1o simooth out some of the added noise.

Figure 9b shows the results of computer simulations with the flexible model. for
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Figure 9. Simulations with the flexible model. (a) The results of the flexible
model applied to the visual stimuli used in Experiment 2, with added Gaussian
noise in the positions of points in the image frames (¢ = 2.0 (circles) and o = 8.0
(squares)). Performance degrades gracefully with additional noise. (b) The results
of the flexible model for different displacements in depth, v = 40 (circles) and 20
(squares). Performance is worse for the smaller displacement.
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two different displacements in depth, v = 40 and 20 (shown with circles and squares.
respectively). Similar to human behavior, there is an overall drop in performance for
the smaller separation in depth.

Overall, we observe qualitative siinilarities in performance between the flexible
model and human subjects for smaller angular rotations (up to 90° or so), but all of
the models outperform human subjects for longer rotations. This may be due in part
to the difficulty that human observers experienced in maintaining the perception of
a rigid configuration of points for long viewing times. It is also possible that human
observers are easily confused when the ordering of the points in depth changes during
the long angular rotations. If the points were presented in a way that strengthened
their apparent rigidity (for example, they were connected with solid lines), there might
be an improvement in human performance for longer viewing times.

The key difference between the flexible model and the other two models may be
the nature of the updating strategy used at each moment. Allowing the current repre-
sentation of 3-D structure to change leads to a more rapid early buildup of structure.
Note that this updating strategy could be incorporated into either a position-based
or velocity-based algorithm.

GENERAL DISCUSSION

This paper presented a series of experiments that assess the accuracy of perceived
structure, its sensitivity to noise in the visual image, and the nature of its buildup
over time. Qur main conclusions are the following. First, the human visual system
can derive quite an accurate model of the relative depths of isolated moving points,
even in the presence of noise in their image positions. Second, the accuracy of the 3-D
model improves with time, eventually reaching a plateau, beyond which there is no
further improvement. Third, there is some evidence that the 2-D structure currently
perceived depends on previous 3-D models.

The issues of the time course of the buildup of accuracy of perceived 3-D structure
and the possible dependence of the currently perceived structure on past 3-D models
were specifically motivated by Ullman’s incremental rigidity scheme. It is expected that
there will be some temporal buildup in accuracy, due to the extended temporal window
over which image motion is first measured. The extent of this temporal window.
however, is typically on the order of 80—100 msec (for example, McKee & Welch, 1985).
Ullman’s model proposes that the recovery of structure itself takes place incrementally
over a longer time frame. This possibility is supported by our experiments. Subjects
showed a buildup in accuracy of perceived structure over a second or so. with some
variation between subjects. In quantitative terms, the early time course is similar to
that expected by Ullman’s flexible model. We also found evidence in our experiments
suggesting that the currently perceived structure does depend on past models, although
the temporal extent of this effect also may be limited to a second or so.
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A limitation of many computational models has been an extreme sensitivity to
noise in the visual input. Some models have attempted to overcome this sensitiv-
ity by integrating motion measurements at a single moment. but over large spatial
areas (for example, Bruss & Horn, 1983; Lawton, 1983: Adiv, 1985; Negahdaripour
& Horn, 19835; Ullman, 1984; Waxman & Wohn, 1988), while others overcome this
problem through integration of motion measurements over time (Ullman, 1984; Bolles
& Baker, 1985; Bharwani et al., 1986; Shariat & Price, 1986¢; Landy. 1987; Bhanu &
Burger. 1988). The results of our experiment with added noise in the visual stimu-
lus suggests that the human system can derive a rough estimate of structure in the
presence of large amounts of noise, even when viewing only three points in motion.
We may integrate motion information over large spatial regions for some tasks, such
as the recovery of observer motion, but an extensive spatial integration by itself can-
not account for our experimental observations. This suggests that the integration of
motion nmeasurenients over time, which may be coupled with viewing the motion over
larger spatial extents, may be a more unportant factor in reducing sensitivity to noise.
These noise experiments also suggest that the human visual system may not rely on
precise measurements of the velocities and accelerations of image features, but rather
may require only rough estimates of the motion of image features, perhaps over an
extended time period. This observation is consistent with recent studies of L. Vaina
(personal communication) regarding patients with visual deficits, which indicate that
patients that lose the ability to make precise velocity discriminations may still be able
to recover 3-D structure from motiomn.

Our experiments couple the total viewing time with the total spatial extent of
viewed motion. Other perceptual studies indicate that for extended viewing periods,
during which 3-D objects formed from random dots are allowed to oscillate back and
forth, the accuracy in perceived 3-D structure increases with the angular extent of
rotation (for example, Braunstein et al., 1987; Todd et al., 1988; Loomis & Eby, 1988,
1989). Thus the angular extent of viewed motion is by itself a critical factor in de-
termiuning the accuracy of perceived structure. Simulations with Ullman’s incremental
rigidity scheme show that if the spatial extent of rotation of an object is kept constant,
but its temporal extent is varied by oscillating the object back and forth through mul-
tiple cycles, then the computed 3-D structure will continue to improve over time
(Hildreth and Grzywacz, unpublished observations). We conducted a pilot experiment
in which our configurations of three points were oscillated back and forth, and did not
find any significant improvement in performance over longer times. Thus it remains
unclear whether temporal extent of motion is. by itself, « factor in determining the
accuracy of computed structure.

While there exists some qualitative similarity between Ulliman’s incremental rigid-
ity scheme and the human recovery of 3 D structure from motion, there are also clear

differences revealed in our experiments. In particular, the somewhat faster carly in-
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crease in human performance, and the flattening off of performance at a level that is
significantly less than perfect pose a challenge that opens the way for further develop-
ment of the model.
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